Abstract While accumulating clinical trials have focused on the impact of cell therapy in patients with acute myocardial infarction (MI) and ischemic cardiomyopathy, there are fewer efforts to examine cell-based therapy in patients with nonischemic cardiomyopathy (NICM). We hypothesized that cell therapy could have a similar impact in NICM. The POSEIDON-DCM trial is a phase I/II trial designed to address autologous vs. allogeneic bone marrow-derived mesenchymal stem cells (MSCs) in patients with NICM. In this study, cells will be administered transendocardially with the NOGA injection-catheter system to patients (n=36) randomly allocated to two treatment groups: group 1 (n=18 auto-human mesenchymal stem cells (hMSC)) and group 2 (n=18 allohMSCs). The primary and secondary objectives are, respectively, to demonstrate the safety and efficacy of allo-hMSCS vs. auto-hMSCs in patients with NICM. This study will establish safety of transendocardial injection of stem cells (TESI), compare phenotypic outcomes, and offer promising advances in the field of cell-based therapy in patients with NICM.
Introduction
Non-ischemic dilated cardiomyopathy (NICM) is a complex disorder, associated with many primary and secondary etiologic factors, affecting 5 to 8 per 100,000 persons per year [1] . As with other causes of heart failure [2] , the morbidity and mortality of NICM remains high despite recent advances in pharmacological and device therapy. The age spectrum affected by NICM not only includes children and adults but also neonates [1] . NICM more commonly affects middle-aged males than females. Although ischemic cardiomyopathy is more prevalent than NICM, these two diagnoses account for equal number of heart transplantations performed [1] .
Recently, cell-based therapies have evolved in treating various ischemic [3] [4] [5] and dilated cardiomyopathies [6] , yet there is no clear cut consensus about which type of stem cells should be used and how should they be delivered to the affected myocardium [7] . The only definitive therapy for NICM remains heart transplantation, which is only available to a specific patient population. Cellular cardiomyoplasty for chronic heart failure has been studied less extensively than for acute MI but represents a potentially important alternative for this disease.
The purpose of the POSEIDON-DCM study is to address several key questions regarding cell-based therapy in patients with NICM. This study will address the safety of intramyocardial injections of bone marrow human mesenchymal stem cells (hMSCs) in patients with NICM, and importantly, will compare safety and efficacy of allogeneic vs. autologous therapy in this population. Additionally, the study design incorporates important mechanistic sub-studies. This trial will advance emerging insights from early stage trials of cell therapy for ischemic heart disease to a population with substantial unmet needs, those with non-ischemic disorders of heart muscle.
Methods

Study Objectives
The primary objective of the study is to demonstrate the safety of allogeneic hMSCs delivered by transendocardial injections (TESI) in patients with non-ischemic dilated cardiomyopathy (NICM), and the secondary objective is to compare the safety as well as efficacy of allogeneic hMSCs to autologous hMSCs in the same patient population.
Study Design
This is a pilot study, intended as a safety assessment prior to a full comparator study, and cells will be administered via The Biosense Webster Myostar NOGA injection-catheter system. Cell administration will be tested in 36 patients equally divided in two groups.
All patients will provide written informed consent on the University of Miami Institutional Review Board-approved protocol. Then, upon successfully fulfilling inclusion-exclusion criteria (Tables 1 and 2 ), patients will be randomized in a 1:1 ratio to one of the two following treatment strategies:
Group 1 (18 patients)-auto-hMSCs: 20 million cell/ml delivered transendocardially in a dose of 0.5 ml/injection× 10 injections for a total of 1×10 8 (100 million) auto-hMSCs. Group 2 (18 patients)-allo-hMSCs: 20 million cell/ml delivered transendocardially in a dose of 0.5 ml/injection× 10 injection for a total of 1×10 8 (100 million) allo-hMSCs. If the patient is randomized to group 1 (auto-hMSCs) and the auto-hMSCs do not expand to the required dose of 1×10 8 cells, then each patient will receive the maximum number of cells available, not to be less 0.8×10 8 (80 million) cells. For patients randomized to group 1 (auto-hMSCs), the cells will be derived via bone marrow aspiration (BMA) approximately 4-6 weeks prior to cardiac catheterization. For patients randomized to group 2 (allohMSCs), the cells will be supplied by an allogeneic human mesenchymal stem cell source manufactured at the University of Miami Cell Production Facility [8] . The injections will be administered transendocardially during cardiac catheterization using the Biosense Webster MyoStar NOGA Catheter system (Fig. 1a) , which will be provided by Johnson & Johnson. Following the injection procedure, patients will be hospitalized for a minimum of 2 days, and then have a follow-up visit at 2 weeks post-cardiac catheterization and at months 2, 3, 6, and 12 post-cardiac catheterization to complete all the safety and efficacy assessments (see Table 3 for complete endpoints).tgroup1
Outcome Measures for Safety
The primary outcome measures for safety will include the incidence (at 1 month post-catheterization) of any treatment emergent serious adverse events (TE-SAE), defined as the composite of death, non-fatal MI, stroke, hospitalization for worsening heart failure, cardiac perforation, pericardial tamponade, sustained ventricular arrhythmias (characterized by ventricular arrhythmias lasting more than 15 s or with hemodynamic compromise), or any other potential late effects detected and corroborated by clinical presentation, laboratory investigations, imaging analyses, and when necessary, with biopsy from suspected target sites in the body.
The secondary safety endpoints will be evaluated in this trial at the 6 months follow-up period and at the final 12 months post-injection time point. They will include treatment emergent adverse events, ectopic tissue formation (as identified from computed tomographic (CT) scans of the chest, abdomen, and pelvis), 48-h ambulatory ECG recording, hematology, clinical chemistry, and urinalysis values; pulmonary function (measured by forced expiratory volume in 1-s FEV1), serial troponin and CK-MB values (every 12 h for the Myocardial infarction (MI) will be defined by an adaptation of the diagnostic criteria for MI with coronary bypass graft surgery, as outlined in a recent consensus document that has become the authoritative standard for the definition of MI [9] . A procedure-related MI will be defined within the first 48 h after study agent delivery if at least two of the following three criteria are met: Efficacy endpoints will be evaluated at the 6-and 12-month follow-up visits. These will include magnetic resonance imaging (MRI), CT, and echocardiographic measures of the leftventricular function difference between the baseline, 6 months (echocardiogram only), and 12 months; scar size [10] (ISS) as determined by delayed contrast-enhanced CT or MRI; difference between the baseline and 12 months regional leftventricular function at the site or autologous cell injection as determined by CT or MRI; and difference between the baseline and 12 months regional left-ventricular wall thickening as determined by CT or MRI. It would also include the differences between the baseline, 6 months (echocardiogram only), and 12 months left-ventricular end-diastolic wall thickness as determined by CT/MRI and echocardiogram; differences between the baseline, 6 months (echocardiogram only), and 12 months left-ventricular ejection fraction; end-diastolic and end-systolic volumes as determined by CT/MRI and echocardiogram; and differences between the baseline and 12 months left-ventricular regional myocardial perfusion as determined by CT/MRI. In addition to the above, the additional endpoints will include tissue perfusion measured by CT/MRI, peak VO2, 6-min walk test, NYHA classification, Minnesota Living with Heart Failure (MLHF) questionnaire, and incidence of major cardiac events (MACE) endpoint, defined as composite incidence of (1) death, (2) hospitalization for worsening heart failure, or (3) non-fatal recurrent MI.
Blinding/Randomization
This will be a non-blinded full comparator randomized trial. Patients will be randomized to treatment strategy (autohMSCs vs. allo-hMSCs) in a 1:1 ratio. The treatment assignment will be sent via e-mail to the cell therapy laboratory.
Cell Harvesting/Processing
Bone marrow (BM) will be harvested from patients and normal volunteers with 60 ml aspirated from the posterior iliac crest under moderate sedation and local anesthesia by a hematologist. All the standard pre-procedure aseptic techniques will be applied. The BM aspiration will be done with a special needle attached to heparinized syringes. The mononuclear fraction (MNC) will be isolated using a density gradient with Lymphocyte Separation Medium (LSM; specific gravity, 1.077; MediaTech Inc, Manasas, VA). The lowdensity cells will be collected from the gradient and washed with Plasma-Lyte A (Baxter, Deerfield, IL) containing 1 % human serum albumin (HSA). The washed cells will be sampled, and viable cell counts performed to determine the total number of viable cells. For group 1 (auto-hMSCs), the required dose of MSCs will be generated using standard conditions. Preclinical validations studies have determined the reproducible generation of >200 million MSCs in 21-28 days of culture. The BM MNC will be seeded into 225 cm 2 tissue culture flasks in α-MEM containing 20 % FBS. After 14 days of culture passage, zero (P0) cells are harvested by trypsin treatment and expanded into 60 flasks. These flasks are incubated for a further 7 to 10 days, and the MSCs are harvested by trypsin treatment (P1 cells). The P1 cells are washed and viability counts determined [8] .
The MSCs will be resuspended in cryoprotectant consisting of Pentaspan (10 % pentastarch in 0.9 % sodium chloride) supplemented with 2 % HSA and 5 % dimethyl sulfoxide. The cells will then be frozen and stored in a liquid nitrogen freezer.
Upon request, the cells will be thawed in a 37°C water bath. In a biosafety cabinet, the cell suspension will be transferred to conical tubes and slowly diluted with a phosphate-buffered saline (PBS) supplemented with 1 % HSA or Plasma-Lyte A supplemented with 1 % HSA. The suspension will be centrifuged, and the cell pellet is resuspended in the dilution buffer. Viability counts will be performed, and the cells will be delivered to the catheterization laboratory. For group 2 (allo-hMSCs), the same above protocol is used.
Endomyocardial Biopsy
Patients will undergo a right heart catheterization preceding the investigational agent administration to obtain two to four heart biopsy samples. The right internal jugular vein (RIJ) will be accessed after the insertion of an introducer sheath using the Seldinger technique. A 5.5 French JAWZEndomyocardial biopsy forceps (maxi-curved 50 cm) will then be inserted into the sheath using fluoroscopic guidance. The catheter will be rotated 180°at the border of the right atrium and then advanced to the right ventricle (RV). A premature ventricular contraction (PVC) is noted when the catheter will touch the wall of the right ventricle and approximately two to four biopsy samples will be taken (Fig. 2 ). All The minimal laboratory requirements for hematological, liver function, and renal function include: Hematological tests-white blood cell count, platelet count, hemoglobin, and hematocrit; Liver function tests-albumim, alkaline phosphatase, alanine aminotransferase, aspartate aminotransferase, prothrombin time, activated partial thromboplastin time, and bilirubin; Renal function tests-creatinine, blood urea nitrogen, creatinine clearance, glomerular filtration rate, sodium, potassium, chloride, bicarbonate, glucose, serum uric acid, BNP, and C-reactive protein (CRP) e
The following biomarkers will be analyzed: Cell surface markers-CXCR4, C-kit and Connexin 43; Transcriptomic/Proteome-RNA, miRNA, protein samples and telomerase, Akt; Growth factors-Sdf-1, Notch; Functional assays-cell growth rate and CFU assay f All subjects will undergo transthoracic echocardiogram assessment of overall and regional LV systolic function at baseline, day 2, and months 3, 6, and 12. There will be a transthoracic echocardiographic assessment immediately following the catheterization procedure and 4-6 h later samples will be identified so that they can be linked to individual patients. Heart tissue obtained from the biopsy will be cultured to obtain cardiac stem cells [11] (Fig. 3a, b) . The cKit+ cells will be isolated with the help of magnetic selection [12] . These cells will be grown in cell culture, and then they will be stored at P3 (Fig. 3c, d ). The other samples will be used for gene expression profiling [13] and one sample will be send to the pathology lab for histological diagnosis. These samples may be stored indefinitely. Data presented in publication will not contain an individual patient's gene expression or clinical characteristics or outcome; only aggregate data from the entire study will be disclosed.
Injection Cardiac catheterization will be done by percutaneous femoral arterial access. An 8 F vascular sheath will be inserted. Heparin (unfractionated heparin, 50 U/kg body weight) will be administered intravenously, and additional doses will be given as needed to achieve an activated clotting time (ACT) of ≥250 s. The ACT will be rechecked every 30 min and heparin re-dosed as needed to maintain an ACT of ≥250 s during the injection procedure. The NOGA-XP Cardiac Navigation System will be used to create an electroanatomical map of the left ventricle to guide the transendocardial injections. A NOGA-STAR mapping catheter will be inserted into the femoral introducer and guided to the aortic root via fluoroscopy. The catheter tip will be placed in full flexion to cross the aortic valve. Once in the LV, the catheter tip will be straightened for mapping. The catheter tip will be placed at various points throughout the LV to acquire real-time electrical and anatomical positioning, which is displayed on a monitor in the catheterization laboratory. These points are acquired by sweeping the catheter from the apex to the basal aspect of the LV to include the septal, anterior, inferior, and lateral walls. As points are acquired, a three-dimensional (3-D) electroanatomical map will be displayed on the NOGA-XP monitor (Fig. 4) . Once a satisfactory number of points (approximately 90) are acquired, the NOGA-STAR mapping catheter will be removed from the LV and withdrawn from the femoral introducer.
The NOGA-MYOSTAR injection catheter will then be inserted into the femoral introducer and guided to the aortic root under fluoroscopy. The tip of the catheter will be placed in full flexion to cross the aortic valve and the curve relaxed once in the LV chamber. Using the 3-D electroanatomical map, the location of the NOGA-MYOSTAR catheter's tip will be displayed on the monitor. The catheter tip will then be guided by this map to the target areas for injection. No injections will be performed on areas of the LV in which the wall diameter is less than two times the depth of injection.
While catheterization is being accomplished, the MSC suspension will be readied on a sterile field in the catheterization laboratory. Cell suspension will be prepared in aliquots of 20 M MSCs/ ml in individual 1 cm 3 syringes and maintained at room temperature until administered. Syringes will be gently inverted to maintain cells in suspension prior to injection.
By adjusting catheter deflection, torque, and position, the NOGA-MYOSTAR catheter will be manipulated to engage the endocardium of the LV at the first point within the target zone (Fig. 1b, c) . Using the NOGA electroanatomical map and fluoroscopic imaging in both the RAO and LAO projections (Fig. 4a, c , e, g, and i), the cardiologist will confirm that the tip of the injection catheter is in the selected target territory by confirming a loop stability of less than 4 as shown on the NOGA-XP system before exteriorizing the needle tip into the endocardium. Confirmation of the needle position will be by fluoroscopic observation of the catheter motion, and if necessary by infusion of radiographic contrast through the port at the base of the helical needle. Once the needle is exteriorized into the myocardium information on whether or not a PVC is noted will be recorded.
Injection of the cell suspension into the myocardium via the needle will be done by slow infusion of 0.5 ml from the aliquot syringe with a rate of 0.1 ml/15 s. The site of injection will be marked on the NOGA-XP system (Fig. 4b, f, and j) as well as the endocardial tracings (Fig. 4d and h ). Once the aliquot is injected, the needle will be retracted into the catheter. The cardiologist will then maneuver the catheter system into another unique endocardial position and repeat the process for the 2nd and subsequent injection sites.
A maximum of 0.5 ml/injection, and 5 ml total volume, will be injected into a goal of ten sites. The pattern of these sites will be selected by the cardiologist, who will attempt to encompass a uniform distribution throughout the left ventricle area. Injection sites will be at least 5 mm (measured in two planes on the two plastic tracings of the endocardial border) distant from adjacent injection sites. The point of the apex of the LV will not be selected as an injection site.
Intramyocardial injections will be discontinued during the procedure if one or more of the following occur:
a. The patient complains of severe chest pain b. The patient develops a sustained ventricular arrhythmia requiring cardioversion c. The patient experiences a sustained drop in blood pressure exceeding 20 mmHg
After the final injection and retraction of the needle into the catheter tip, the NOGA-MYOSTAR catheter will be relaxed to a straight configuration and withdrawn from the body. A final left-ventricular cine angiogram will be repeated in the same projections as before.
Dose Rationale
The dose for both auto-hMSC and allo-hMSC preparations in both arms of the study is the same: 1×10 8 cells (20 million cells/ml delivered in ten injections of 0.5 ml each). In two preclinical studies using a porcine model [14, 15] , MSC therapy was safely administered via intramyocardial injections at a dose of up to 1×10 8 cells, thus supporting the use of this dose level for hMSC preparation in this clinical study. The hMSC doses were also chosen based on practical considerations and ability to grow this quantity of cells for more patients within an approximate 28-day time frame.
Statistical Analysis
Analysis of the primary endpoint will be focused on characterizing the serious adverse events (SAE) portion in each treatment arm, whereas secondary efficacy endpoints will be used in the development of a larger efficacy study. Analyses of the two treatment groups will be conducted in comparison with each other. The per-treatment arm sample sizes were generated based on assumption of a 30-day SAE proportion of 25 %, which translates into between 4 and 5 patients out of 18 patients with events. The per-treatment arm sample sizes were generated based on an assumption of a 30-day SAE proportion of 25 %. In this setting, the confidence interval (CI) length for a binominal proportion is 33 %, ranging from 6 to 48 %, with a probability of 59 % to rule out an SAE proportion of 50 %.
Bayesian-motivated safety stopping guidelines will be used to monitor adverse events, including grades 3-5 central nervous system cerebrovascular ischemia, grades 4-5 prolonged arrhythmia, grades 3-5 pericardial effusion, or death as defined by the Common Terminology Criteria for Adverse Events version 4.0.
Descriptive analyses of all secondary endpoints will be performed using point and CI estimation. Treatment effects will be assessed using appropriate methods for continuous, NOGA mapping projections of the left ventricle in LAO views pre-(e) and post-injection (f), and corresponding fluoroscopic images with endocardial tracings are displayed in (g) and (h). Regional, or "bull's eye," NOGA mapping views can be seen in (i) and (j) pre-and postinjection, respectively dichotomous, or ordinal categorical data. Reported measurements analyses will be used for data collected at various time points.
Safety and Monitoring
Interim analyses will be conducted by an independent Data and Safety Monitoring Board (DSMB), which will be notified each time an SAE occurs. The DSMB will evaluate AE data (including SAEs) in each group (1 or 2) at pre-specified intervals. Monitoring of key safety endpoints will be conducted, and if rates significantly exceed preset thresholds, the DSMB Chair will be notified and information will be supplied to the DSMB.
Discussion
NICM accounts for approximately one quarter of the cases of congestive heart failure in the USA [16] . The majority of the other causes are due to either ischemic or hypertensive cardiomyopathies [17] or non-systolic heart failure [18] . The hallmark of this disease is an enlarged, remodeled ventricle with increased end-diastolic and end-systolic volumes, reduced ejection fraction, impaired contractility, and diastolic dysfunction. The prognosis of NICM may be more variable than previously appreciated [19] . Some patients may have stable disease for several years, or even decades, whereas others may experience a completely different course. The period of stability has been linked to reverse remodeling, which could be spontaneous or in response to pharmacological or device therapy. Microarray transcriptomic analysis revealed a gene signature that predicts the long-term event-free survival compared with poor prognosis manifesting as death or need for heart transplant within 2 years [20, 21] . While there is accumulating data supporting novel cell-based therapies as providing benefit in the ischemic model of myocardial injury by improving cardiac function and causing reverse remodeling, there are substantially fewer trials examining stem cell therapy for the treatment of NICM [6, 22] .
The POSEIDON-DCM study is designed to study safety as well as efficacy as its primary endpoint; it will also explore several key issues in cell-based therapy such as determining the optimal cell type, number of cells injected, and delivery method. This trial will also address the issue of autologous vs. allogeneic stem cell transplantation. We have recently shown the use of allogeneic stem cells for the treatment of ischemic cardiomyopathy [4, 7] . Mesenchymal stem cells are both immunoprivileged and immunosuppressive, and thus can be used as allografts. We also performed randomized comparisons of allografting vs. autologous therapy in patients with ischemic cardiomyopathy. Both of these cell types were safe, and each type demonstrated potential regenerative bioactivity in patients with ischemic cardiomyopathy by reducing infarct size and improving ventricular remodeling, as measured by sphericity index [7] . The patients receiving allograft in the study did not mount increased panel-reactive antibodies in response to therapy. If we are able to replicate these earlier findings in this trial as well, it would support the use of allogeneic mesenchymal stems cells as the preferred celltype source due to avoidance of the need for bone marrow aspiration in the patient, as well as earlier time to treatment.
The other key issue to be addressed in this study is the delivery method, using the Biosense Webster MyoStar NOGA Injection Catheter System for the transendocardial delivery of mesenchymal stems cells. The NOGA-XP Cardiac Navigation System will be used to create an electroanatomical map of the left ventricle to guide the transendocardial injections.
The advantage of transendocardial delivery include the ability to directly target the injection area of the myocardium while avoiding the need for open-heart surgery and the potential for microvascular obstruction that can complicate intracoronary delivery [23] . Animal studies that have been conducted in the past, comparing intracoronary vs. transendocardial delivery [24] , demonstrate greater cell retention and improvements in global LV ejection fraction with transendocardial delivery and less potential to engraft in other organs compared with intravenous vs. intracardiac routes [23] . The potential disadvantages of the transendocardial delivery system include technical complexity and myocardial perforation. Initial and follow-up animal and human studies have shown the safety and efficacy of the NOGA catheter system [25] [26] [27] [28] [29] [30] [31] . These are encouraging studies, though more robust studies are needed to determine the best approach to optimize efficacy without compromising safety. The POSEIDON-DCM study will provide crucial data using a novel transendocardial delivery system.
A crucial aspect of this work will be to explore the underlying basis for beneficial effects. MSCs exert their antiremodeling effects through the orchestration of scar reduction, neovascularization, and stimulation of endogenous repair [32, 33] . All of these effects could be operative in the NICM setting, which is associated with myocardial fibrosis and diminished tissue perfusion. Moreover, several laboratories have documented the presence of c-kit cells in the hearts of patients with NICM [34, 35] . To advance mechanistic insights, patients in POSEIDON-DCM will undergo endomyocardial biopsy for culture expansion of c-kit+ CSCs.
Conclusion
In conclusion, the POSEIDON-DCM study is designed to compare, in a randomized fashion, allogeneic vs. autologous mesenchymal stem cell therapy in patients with non-ischemic dilated cardiomyopathy. The results of this study will provide novel information about the safety, efficacy, and mechanism of action of cell therapy in this important population of patients with left ventricular dysfunction and heart failure.
